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Abstract 
Although Chinese companies have some level of understanding of carbon capture and storage (CCS) unit technology, the lack of 
knowledge and experience with technology integration mean that there is neither a true concept of the economics and technical 
possibilities nor any clear and specific steps and methods that should be taken to implement an integrated CCS project. There is 
also no knowledge of what legislation CCS project implementation needs to follow. Based on the assumption that CCS will be 
implemented in China, the guidelines for the implementation of a fully integrated CCS demonstration project is researched with 
the system engineering analysis methodology and a thorough explanation of the engineering system involved in CCS projects is 
provided. The research covers the implementation of the three major links in the CCS chain, starting from CO2 capture, CO2 
pipeline transport to CO2 geological storage with careful research on the major issues involving technology, economics (in 
connection with capture), implementation processes, and others that must be noted. The CCS guidelines can be used as a tool in 
understanding how to design, operate and conduct CCS projects responsibly. The CCS guidelines can also provide needed 
information to engage policy makers to understand why these regulations will be needed and the advantage of preparing them 
simultaneously with the development of the technical capacity. 
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1. Introduction 
According to IEA statistics[1], in 2007 China’s CO2 emissions related with fossil fuel utilization reached 6.083 Gt, 
accounting for 20.75% of global emissions. This is already the largest total of any country, roughly equivalent to 
China’s proportion of the global population (20.08%). As China’s industrialization, urbanization, and motorization 
are still in progress and unlikely to change from their fossil fuel-based energy structure in the next two decades or 
even longer, energy use and CO2 emissions will continue to increase
[2]. On the international front, CO2 emissions 
have become an important challenge to China’s economic and social development. In response to this situation, 
China’s government made a commitment to the international community in 2009 that it would reduce the CO2 
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emissions per unit of GDP in 2020 to levels that are 40-45% lower than those in 2005, to employ non-fossil fuel 
energy sources for 15% of primary energy demand, and to add 40 million hectares of new forest area[3]. However, 
the commitment cannot address overall CO2 emissions constraints faced by China in the future (by 2050, China may 
reach the level of moderately developed countries and become an obligatory emissions reducer). Therefore, carbon 
capture and storage (CCS), as one of the major technical options in the development of a low-carbon economy 
aimed at reducing CO2 emissions, has been demonstrated in China. This includes Huaneng Group, which is starting 
to develop pre and post-combustion capture demonstrations, PetroChina, which has initiated pilot, enhanced oil 
recovery (EOR) tests, Shenhua Group, developing a CO2 capture and storage demonstration project at a coal 
chemical plant and deep saline aquifer, as well as China United Coal-bed Methane Group, which has carried out 
enhanced coal-bed methane (ECBM) recovery pilot projects.  
However, to this point the demonstrations have been limited to local or technically limited projects, and there is 
no fully integrated capture, transport, and storage demonstration. Although Chinese companies have some level of 
understanding of each unit technology, the lack of knowledge and experience with technology integration mean that 
there is neither a true concept of the economics and technical possibilities nor any clear and specific steps and 
methods that should be taken to implement an integrated CCS project. There is also no knowledge of what 
legislation CCS project implementation needs to follow. Therefore, at present, the most urgent matter is to develop 
integrated, system-level research that makes clear the characteristics of all aspects involved of a CCS demonstration 
project and to begin making arrangements for any possible issue that could be involved in the project. This includes 
the CCS implementation process, noteworthy matters, crucial steps, laws and regulations that must be complied with, 
etc.  
“Guidelines for safe and effective carbon capture and storage: Building regulatory capacity” is a project funded 
with support from the U.S. Department of State under the Asia-Pacific Partnership. The project is undertaken by 
Tsinghua University’s Low Carbon Energy Laboratory from China and World Resources Institute (WRI) from the 
U.S. It is held from September 2008 to September 2010. The project aims to build capacity to ensure the safe and 
effective implementation of CCS technologies in China by developing a guidelines document that is available in 
China for potential project operators, financers, insurers, and legal experts to review and use as a tool in 
understanding how to design, operate and conduct CCS projects responsibly. The CCS guidelines can also provide 
needed information to engage policy makers to understand why these regulations will be needed and the advantage 
of preparing them simultaneously with the development of the technical capacity. 
2. Approach 
A steering committee was organized composed of Chinese and US leading CCS experts who represent academia, 
government, industry and NGOs. A serial of steering committee meetings and study tours were held to discuss the 
guidelines and vet the key issues. Based on the assumption that CCS will be implemented in China, the guidelines 
for the implementation of a fully integrated CCS demonstration project is researched, referred to WRI’s “Guidelines 
for Carbon Dioxide Capture, Transport, and Storage”[ 4 ]. However, the research is undertaken by the system 
engineering analysis methodology and a thorough explanation of the engineering system involved in CCS projects is 
provided so that operators and regulators can have a better technical reference.  
2.1. Methodology 
Implementation of CCS is a complex, industrial, systems engineering project; it can be seen as a brand new 
system concept. To carry out CCS requires drawing detailed engineering plans, developing and applying related 
technology, constructing a whole set of industrial equipment systems, and operating each segment of the CCS 
process from CO2 capture (including CO2 emission sources, CO2 capture system, and CO2 compression and 
dehydration systems, etc.), to transport, and geological storage for a long period before the system can complete its 
function of long-term isolation of anthropogenic CO2 emissions. In every phase and interrelated equipment and 
facilities, there are still issues around how to coordinate all aspects of the system and what rules should apply that 
require research and testing. 
Additionally, CCS implementation involves a broader sense of systems engineering. As CCS is inseparable from 
the issues on of global climate change and subsurface geology and is a cross-industry, transboundary, long-term 
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undertaking, CCS implementation ties into the ecosystem, resources, geography, technology, economics, political 
system, public system, and many other issues that extend beyond the scope of engineering. It can be said, CCS 
implementation is essentially a complex, multidimensional, societal engineering system. 
2.1.1.  CCS implementation is a complex engineering system 
In systems science, multiple interconnected but individual components or elements each performing specific 
functions are called a combination system. CCS possesses the typical characteristics of a system. It involves three 
distinct components: CO2 capture (CO2 separation from the emissions source), transport, and geological storage, 
which must be combined and coordinated to take CO2 from sources and secure it in a geological storage reservoir 
for long-term isolation from the atmosphere. For this reason, CCS should be known as the “CCS System”.  
Compared to traditional industrial systems, CCS not only has many new features but is also more complex. 
Traditional industrial systems such as power plants, chemical plants, steel factories, etc. are generally concentrated 
in particular regions and belong to one industry according to specific means of production and profitability. The 
CCS industrial system is completely different, mainly in the following respects: 
1) The CO2 emissions source (source) and storage sites (sink) are often not in the same region and require a long 
pipeline network to connect the two segments. The deployment of CCS systems might involve a number of 
sources and sinks linked together through a pipeline network system. 
2) CCS projects involve more than just the traditional industrial sectors. CO2 capture relates to power plants, 
chemical plants, steel plants, cement plants and more while CO2 pipeline transport and geological storage 
involve oil, gas, coal and other industries. Furthermore, CCS projects require the close cooperation, which is 
rare in traditional project, across the various industries involved in each segment of the system.  
3) CCS projects apply a number of the new technologies and procedures that traditionally have not been 
incorporated in traditional projects such as the long-term component of CO2 subsurface monitoring to and 
assurance of the storage reservoirs ability to contain the CO2.  
4) CCS projects do not directly produce any tangible industry products. The ultimate purpose of CCS operations 
is to capture CO2 from major point sources and effectively store it long-term inside geological storage 
reservoirs; hence, the profit focus conventional products of traditional industries are an entirely different 
concept.  
 Beyond the mutual cooperation among the various sectors involved in a CCS project, the actions that each 
segment directly influence and relate to the actions of other operators. For example, it is not realistic to have a pure 
stream of captured CO2, and therefore it is important for the captured streams to adhere to the limits on impurities 
(such as H2O, SO2, H2S, O2, N2, etc) that would lead to corrosion and leakage from transport pipelines or injection 
wells. In another example, the level of compression of the captured CO2 will directly influence the number and 
design of pump stations set up along the way which in turn impact the pipelines construction and operating costs. On 
the other hand, anti-corrosion characteristics of piping materials can directly bring for requirements of the CO2 
capture and treatment equipment design plans, which in turn influence construction and operation costs. Because the 
decisions and actions of every element in a CCS project influence those of the other segments, it is inevitable that 
the various sectors must work together to optimize the system. Therefore, all parties must work together thinking in 
terms of the optimization of capture, transport, and storage as a single, comprehensive, and integrated system in 
order to optimize the overall performance of the project. 
Because a CCS project clearly differs from traditional production projects with respect to its not being 
concentrated in a centralized location and not producing any tangible goods, each aspect of its planning, 
construction, operation, etc. exhibit large differences with those of traditional industrial projects. There are many 
new problems and arrangements that must be resolved and overcome. At the same time, taking into account every 
link in the CCS system as well as the many complex interactions between the CCS physical system and the many 
external factors, it is appropriate to call CCS a complex engineering system.  
2.1.2. CCS implementation is a complex social engineering system with multidimensional issues 
Implementation of CCS is a complicated problem in many different dimensions. As shown in Figure 1, the 
initiation of CCS development simultaneously involves technology, economics, resource consumption, 
environmental impact, national policies, and social factors. Only when all of these factors can be safeguarded can 
CCS be successfully implemented in China. 
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One specific example of the need to consider all dimensions is that achieving CO2 emission reductions through 
CCS may lead to large energy and economic costs. Taking coal-fired power plants as an example, the application of 
what is currently relatively mature post-combustion CO2 capture technology on a sub- or supercritical power plant 
leads to an efficiency loss of 10-12 percent. The impacts of this energy penalty are an increase in coal consumption 
of 24-40% and electricity cost of 80% per kilowatt-hour [5].  
 
Figure 1:  Multidimensional issues relating to the implementation of CCS 
3. Results 
The research covers the implementation of the three major links in the CCS chain, starting with CO2 capture, CO2 
pipeline transport and CO2 geological storage with careful research on the major issues involving technology, 
economics (in connection with capture), implementation processes, and others that must be noted. Next, the research 
goes into the CCS project process from the whole project perspective, including a preliminary study of the project 
cycle, implementation steps, and working details. In the sections described above, the research tries to supply 
companies to the greatest extent possible with the most comprehensive guidelines to follow in developing integrated 
CCS demonstration projects in the way that is as safe, effective, and economical as possible. For government, it 
provides the necessary guidelines for designing strategic policy, institutional structure, and project oversight.  
The main guidelines are shown as the following: 
3.1. CO2 capture  
3.1.1. CO2 capture system 
a. Among existing CO2 capture technologies, post-combustion capture which is one of the potential reserved 
technologies should be priorly developed. While pre-combustion and oxy-fuel combustion CO2 capture which 
have an advantage of total pollution emission and water consumption should also be emphatically researched.  
b. After using existing CO2 capture technology, power plants’ generation efficiency will decrease obviously and 
that power generation cost will increase greatly. Therefore, it’s necessary to increase efforts to develop and 
demonstrate CO2 capture technologies in aspects of large-scale demonstration and cost (energy consumption) 
reduction.  
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c. China should accelerate the establishment of a unified benchmark adapted to China’s different industries, 
intensively study typical Chinese CO2 capture systems’ technical, economic and environmental performance.  
3.1.2. Implementation process of CO2 capture system 
a. Coal-based industries should be the focus for CO2 capture implementation in China, including the power, coal 
chemical, cement, and steel industries. Among these, electric power industry is the sector with the largest 
amount of CO2 emission. If China is to implement CCS to realize significantly reduction of CO2 emissions, 
CO2 will be captured by appropriate technologies from coal-fired power plants.  
b. Capture project implementation should follow a gradual way from easy to difficult , first from industries with 
high CO2 concentration and large emissions (such as coal chemical industry ), then industries with low CO2 
concentration of capture (such as electric power industry, cement and steel industry, etc.), in order to accelerate 
the development of CO2 capture technologies.  
c. The CO2 capture in steel industry should be implemented together with the utilization of coke oven gas and 
blast furnace gas.  
d. With respect to the CO2 capture rate for power plants, typical active and planned demonstration projects have 
all chosen 90%. However, in practice, no country has clear-cut consensus. Therefore, the CO2 capture rate 
should be based on the specific characteristics of the source (quantity of CO2 emissions, flue gas composition 
and inclusion of impurities, etc) and relevant national policies. The CO2 capture rate should be weighed against 
the related energy consumption to determine the optimal point for cost-effectiveness and capture quantity. 
e. So far, worldwide there is no CO2 mixture composition requirement standard for CCS, but just little industry 
experience. So, it is necessary to refer to existing industry experience, intensively study composition content of 
CO2 mixture of CCS to formulate corresponding standard.  
f. In order to prevent the corrosion of ordinary steel pipeline, CO2 mixture should not contain free water. 
g. Although there is EOR project of which H2S injected along with CO2 into geological storage zones, but it still 
needs further study that the security of doing so.  
3.1.3. Multidimensional problem of CO2 capture system 
a. The rising of product cost is the main bottleneck restricted implementation of CO2 capture technology. 
Therefore, some targeted subsidies or preferential policy should be applied to CCS demonstration, to ensure 
the implementation of CO2 capture with economic feasibility.  
b. In addition to complying with the existing environmental protection standard of industries, it also needs to 
restrict the discharge of capture solvent.  
c. For water-deficient regions in China, CO2 capture systems must employ capture technologies that consume 
comparatively little water such as pre-combustion and oxy-fuel combustion CO2 capture systems. In order to 
reduce the need for water, CO2 capture system suitable for air cooling unit should also be developed. 
d. Comply with the relevant industrial regulations, capture places need to install corresponding real-time 
monitoring and warning device of toxic or harmful gases content. 
e. The laws and regulations for CO2 capture need to be established.  
3.2. CO2 pipeline transport  
3.2.1. Implementation process of CO2 pipeline system 
a. During the design of CO2 pipelines, the Chinese can learn from two sources. In the U.S., China can take 
lessons from the engineering experience with CO2-EOR pipeline construction and the American Petroleum 
Institute’s recommendations. Secondly, China can grow on its engineering experience from completing over 
20,000 km of natural gas pipelines domestically.  
b. Pipeline construction through geological hazard zones (earthquake prone regions, landslide prone regions, 
permafrost zones, etc.), geographically harsh zones (mountains, rivers, deserts, marshes, etc.), and densely 
populated regions should be avoided to minimize transportation risks and costs.  If CO2 transport pipelines 
must pass through sensitive areas (residential areas, ecologically fragile areas, or areas of frequent geological 
activity), the project operators need to take additional protective measure to ensure safe and stable pipeline 
operation. Possible methods include reducing the distance between pipeline shut-off and other operational 
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valves, increasing pipeline burial death, conducting added evaluation of pipeline seals, and increasing 
monitoring frequency.  
c. To guarantee the safety of pipeline transportation of CO2, China should formulate CO2 pipeline material 
standards, referring to the current Chinese nature gas pipeline standards and US CO2-EOR pipeline standards. 
d. Before formal implementation of CCS, China needs to specific which government departments will oversee 
CO2 pipeline construction and to formulate appropriate laws to consolidate guidelines for CO2 pipeline 
construction, guaranteeing the smooth implementation of different components. 
e. In China, the land acquisition process is very complex, but all the steps are clearly laid out. That’s why, in 
future drafting of CO2 transport provisions, the focus should only be on providing very detailed instructions for 
how to follow existing rules. This will allow for the smooth siting and construction of pipelines.  
f. CO2 pipelines must be monitored closely. Pipeline monitoring technology for CO2 pipelines is fundamentally 
the same as that for natural gas pipelines. Monitoring methods include both uses of monitoring instruments as 
well as manual monitoring.  
g. In the case of a CO2 pipeline accident affecting a body of water and/or the local soil, necessary recovery 
measures should be employed. 
3.2.2. Safety of CO2 pipeline system 
a. Although pipeline leaks can cause personnel injury and environmental damage, the probability of pipeline 
leaks are not at all large, and by strengthening monitoring efforts, leaks can be promptly detected. The risk of 
CO2 pipeline leakage is both small and manageable. From an engineering point of view, and considering oil 
and gas pipeline experience, CO2 pipelines should be relatively safe.  
b. In the case of pipeline leakage, the greatest risk for workers and residents in the immediate vicinity is the 
leakage of H2S involved in CO2 stream. Therefore, extra attention should be given to H2S hazards and strict 
limits should be placed on H2S contents in the pipeline. For projects transporting CO2 with high H2S contents, 
additional H2S-specific monitoring equipment and inspection frequency may be required.  
c. At present, China does not have regulations specific to CO2 pipeline. Under the existing legal system, CO2 
pipelines would be classified as “pressurized pipelines” and fall under the jurisdiction of the “pressurized 
pipeline safety management and supervision requirements”. However, CO2 pipeline management safety 
provisions can also refer to oil and gas pipeline safety rules and regulations. Additionally, the relevant 
department may response for the CO2 pipeline supervision and management.  
d. In addition to technical efforts, concerted efforts to raise public awareness of the CO2 pipeline and associated 
risks amongst local residents is critical for obtaining public acceptance of the project and reducing the 
probability of accidents and potential hazards.  
3.3. CO2 geological storage 
3.3.1. CO2 geological storage system 
a. EOR and ECBM can better the economical performance of CO2 storage project and should be the choice in the 
early stage. There is already plenty of industrial experience for EOR, while not much exists for ECBM. The 
biggest potential for CO2 geological storage lies on saline aquifer, so that emphasis should be given to study on 
the possibility and related technologies for CO2 storage in saline aquifers.  
b. Currently the objective of pure EOR projects does not completely agree with CO2 storage. However, if carbon 
tax or other tools can be established in the future, the operators of EOR will have the motivations to increase 
the amount of CO2 kept in the oil field while ensuring oil production.  
c. The inherent of China’s energy reserve is rich in coal and lack in oil and gas. ECBM can help increase China’s 
production of gaseous fuel while achieving geological storage of CO2, so that means a lot to China. However, 
it needs to be emphasized that CO2 can only be stored underground if the coal is not exploited in the future. 
Considering the huge future coal demand of China in the future, as well as the possible technology 
advancement, China should be very cautious when choosing the coal seams for CO2-ECBM. 
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3.3.2. Implementation processes of CO2 geological storage system 
a. For CO2 geological storage projects, the detailed implementation process would generally include several key 
stages, including feasibility study and ratification, site selection, plans (modelling, monitoring, risk assessment, 
operation) making, wells drilling and infrastructure construction, project operation, and the final project closure 
and post closure management.  
b. Site selection is the key for the success for CO2 geological storage project. Fresh water aquifer and slightly 
saline aquifers should not be used for CO2 storage. Demonstration projects should begin from the places with 
the lowest risk.  
c. When site selection is over, plans (modelling, monitoring, risk assessment, operation) should be made based on 
the geological and other information grasped by the operator and be submitted to the regulatory institute 
together with the project application. The project can only be implemented when the project and the plans have 
been verified.  
d. During CO2 injection and also in the long term after site closure, continued model simulation and monitoring 
are needed. The objective of monitoring is to get to know the real status of the storage project and discover the 
risky factors and take effective measures in time. Modelling helps the operators predict the movement and 
distribution of CO2 in the reservoir. Modelling simulation is an important addition tool to monitoring, and the 
simulation results can be used for inter-check with monitoring results. The operators should compare the 
monitoring results and the simulated results all the time, and take effective measures when an abnormal 
situation is discovered, such as modification of geological model, operational plan and repair the instruments, 
etc.  
e. The detailed monitoring plan should at least determine the following contents: the parameters to be monitored 
and corresponding tools, the geological range for monitoring, the monitoring baseline, monitoring frequency 
and starting and finishing time for monitoring. 
f. The risk of CO2 storage, which lasts from CO2 injection to a long time after site closure, mainly comes from 
CO2 leakage. So risk assessment is a dynamic process that cuts through the whole process of storage project 
operation and long period after site closure. Along with project implementation, the operator should renew the 
risk assessment result based on the latest monitoring data, simulation data, as well as the newest R&D 
achievements. 
g. Risk assessment can help the project operator better determine the key objects and areas to be monitored, and 
also choose the appropriate monitoring tools; risk assessment can also help operators make better operational 
plans, and also more objective accident mitigation and remediation plans.  
h. Risk assessment is mainly composed of two parts, including risk recognition and damage assessment. The 
function of risk assessment is to find the potential pathways for CO2 leakage, mainly including wells, faults 
and fractures, naturally or artificially caused seismic activities, and other artificial factors. Harms that can be 
caused by CO2 leakage from the reservoir include: CO2 enters groundwater; CO2 enters surface water or soil; 
CO2 enters the surface atmosphere and accumulate; CO2 enters the atmosphere and offset the climate benefit 
of CCS.  
i. The determination of CO2 injection pressure and rate could refer to the industrial experience of EOR: an 
injection pressure slightly higher than the fracturing pressure of the reservoir rock can be considered. 
j. The basic structure of CO2 injection wells and monitoring wells is similar with conventional oil and gas wells, 
so the construction procedure and materials can refer to the experience of oil and gas industry.  
k. The primary objective of site closure is to seal the wells that connect the reservoir with the surface in order to 
prevent CO2 leakage. The procedure of well sealing can refer to the experience of the oil and gas industry; we 
recommend that the operator to choose Portland cement as material for well sealing currently.  
l. When CO2 injection is over, the regulatory institution should only ratify if they determine that the following 
performances have been met. When site closure work is completed, the storage project will be seen finally 
closed only when the regulatory institution ratifies that the overall project has satisfied the expected standards. 
m. The storage site that has been ratified as closed needs further management work, including regular monitoring, 
maintaining of the monitoring instruments and database of the storage project. The following monitoring and 
accident treatment work should not be further taken by the project operator, but by a dedicated inspection 
institution.  
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3.3.3.  Financing and property right of CO2 geological storage system 
a. The financing work of CO2 storage projects is different from conventional projects. For CO2 storage projects, 
financing should not only ensure enough money for project operation, but also has to ensure enough money 
available for monitoring and accident remediation work after the project is closed. Conventional financing 
mechanisms can be applied for financing work during storage project operation, while the method of public 
fund can be considered for the financing work in the post closure period.  
b. The financing mechanism for CO2 storage projects should be able to well balance the interests of each 
stakeholder, which can to the greatest extent reduce the financial burden of project operators when accidents 
happen and encourages more companies invest on CO2 storage projects, while ensuring the safety of storage 
projects.  
c. The property issues concerned with CO2 storage are mainly the right of use of the surface land and 
underground reservoir in China. The surface land and underground space concerned with a CO2 storage 
projects might not only include the areas that are covered by the project, and monitoring and other work might 
need to be implemented in districts bigger than that area. China should make clear provisions on this issue as 
soon as possible. The transfer of the right of use of the reservoirs after CO2 storage project ends should also be 
made clear.  
4. Conclusion  
The guidelines for safe and effective carbon capture and storage in China were drawn out by the system 
engineering analysis methodology, and a thorough explanation of the engineering system involved in a CCS project 
was provided. The guidelines recommend that capture project implementation should follow a gradual way from 
easy to difficult , first from industries with high CO2 concentration and large emissions (such as coal chemical 
industry ). Also EOR and ECBM can better the economical performance of CO2 storage project and should be the 
choice in the early stage. There is already plenty of industrial experience for EOR, while not much exists for ECBM. 
So coal chemical plant plus EOR can be an economical type of CCS for demonstration in China. But it is not easy to 
implement such CCS project, China has few experience on whole CCS chain demonstration. 
The paper was still unable to provide exceptionally accurate solutions to all the possible issues. With the 
development and operation of more industrial-scale CCS projects and the continuous accumulation of evidence and 
experience, a deeper understanding of key knowledge points will emerge. As this occurs, the guidelines may be 
updated to reflect the latest and best industry practices. 
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